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Neodymium:yttrium-aluminum-garnet (YAG) photocoagulation
during ventricular tachycardia allows the electrophysiologic ef-
fects of the temporal and spatial sequence of energy delivery to be
correlated with local activation times. A retrospective analysis was
performed of the termination of 19 episodes of ventricular tachy-
cardia for which the local diastolic activation time was known for
all successful ablation sites and for 95% of all ablation sites. The
mode of termination was compared with that of 26 episodes of
spontaneously terminating ventricular tachycardias.
Spontaneous terminations occurred without a change in cycle
length (54%) or with a 7 ± 15% change in cycle length over one
to three terminal beats (46%). In contrast, laser ablation-induced
terminations resulted in a 39 ± 55% increase in cycle length over
nine or more cycles. The effect of attempted laser ablation was
compared with the local presystolic activation time and the local
activation time expressed as a percent of the diastolic interval (end
Postmyocardial infarction ventricular tachycardia is gener-
ally understood to have a reentrant mechanism (1-7). Nev-
ertheless, considerable controversy exists regarding the na-
ture of the anatomic-electrophysiologic complex of the
reentrant circuits. Further understanding of the anatomic
location and the nature of the reentrant process are critical to
refining strategies for ablation of ventricular tachycardia.
Furthermore, the most effective site or sites for ablation are
not well characterized with respect to local activation time
during ventricular tachycardia.
Previous studies (8,9) and recent work from our group
(10-13) have suggested that the epicardium and intramural
levels as well as the endocardium may be critical parts of the
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of QRS complex =0%, onset of next QRS complex =100%).
With one exception, no tachycardia terminated at ablation sites
activating <-50 ms before the QRS complex. AilS successful first
ablation attempts and 13 of all 19 successful ablations occurred in
the 35% to 50% interval of diastolic activation. All successful
ablations at sites activating at >50% of the diastolic interval
required multiple ablation attempts.
Successful ablation was performed from the epicardium in 6
and from the endocardium in 13 episodes of ventricular tachycar-
dia. These results are most consistent with a macroreentrant
mechanism with a region of high vulnerability represented by the
35% to 50% interval of diastolic activation. The region of reentry
and site of greatest vulnerability may be accessible from either the
epicardial or the endocardial surface.
(J Am CoIL CardioI 1992;19:607-13)
anatomic-electrophysiologic complex responsible for the re-
entrant process. However, for effective ablation of ventric-
ular tachycardia, more precise identification of the critical
sites of reentry is required. Intraoperative neodymium:
yttrium-aluminum-garnet (YAG) laser photocoagulation dur-
ing sustained ventricular tachycardia has proved to be an
effective ablation technique (12,14-17). It differs from other
ablation techniques in that the effects on the tachycardia can
be continuously monitored during the temporal and spatial
sequence of energy delivery; therefore, the effects can be
correlated with known local activation times.
The purpose of this study was to retrospectively analyze
the effects on cycle length of localized photocoagulation at
sites of known activation during ventricular tachycardia and
the effect of photocoagulation on the mode of termination of
the arrhythmias.
Methods
Study cases. A retrospective analysis of 128 episodes of
intraoperative ventricular tachycardia was performed. Only
0735-1097/92/$5.00
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19 met the following strict criteria. The ventricular tachycar-
dia was 1) sustained and monomorphic, 2) reproducibly
initiated after spontaneous termination, 3) >5 em from sites
of photocoagulation delivered to terminate episodes of ven-
tricular tachycardia with other configurations, 4) terminated
intraoperatively during photocoagulation, 5) terminated by a
well defined sequence of photocoagulation sites, 6) not
present on clinical follow-up or repeat electrophysiologic
studies for up to 1 year postoperatively, and 7) associated
with activation times that were known for all sites of
photocoagulation. Two episodes of ventricular tachycardia
did not meet criterion 7. These two episodes required II and
12 sites of photocoagulation, respectively. In one episode, at
one site and in the other episode, at two sites photocoagu-
lation was performed without knowledge of the local activa-
tion time. However, in none of these sites did photoablation
affect the tachycardia.
Intraoperative electrophysiologic studies. Ventricular
tachycardia was initiated with programmed stimulation tech-
niques before ventriculotomy. Epicardial mapping was per-
formed either with a movable hand-held probe to record both
unipolar and bipolar electrograms or with a commercially
available computerized array of 56 bipolar electrodes (Bard,
Inc.). In all cases, the movable probe was relied on for
directing photocoagulation. Endocardial mapping was per-
formed only with the movable hand-held probe.
The unipolar (filtered 0.15 Hz to 1 kHz) and bipolar
electrograms (filtered 50 Hz to 1 kHz) with the hand-held
probe were recorded at speeds of 200 or 250 mm/s on an
Elema ink jet recorder with a minimum of three surface leads
and a ventricular reference. Local activation times during
the diastolic interval were measured from the first large rapid
deflection of the bipolar electrogram. In the case of split
potentials, activation time was measured from the first
component. When fragmented electrical activation was
>50 ms in duration, timing was assisted by high gain
unipolar recording, selecting the largest and most rapid
unipolar deflection.
Intraoperative laser procedure. The laser source was a
continuous wave neodymium:YAG laser (wavelength
1,064 nm, MediLas II MBB-Medizintechnik), using 1) a
0.6-mm silica-quartz, gas-cooled fiber, positioning the fiber 1
to 2em from the tissue surface; or 2) a O.4-mm liquid-cooled
fiber when direct fiber-tissue contact was used. For noncon-
tact photocoagulation, power densities on the surface were
estimated to be between 150 and 380 W/cm2• With direct
fiber contact, photocoagulation powers of 15 to 20 Wat the
fiber tip were used. All mapped and lased points were
referenced to an epicardial and endocardial grid as previ-
ously described (14). The area containing the mapping points
and lased area were measured as carefully as possible at the
end of the procedure.
Twenty-six intraoperative episodes of spontaneously ter-
minating ventricular tachycardia were analyzed to serve as
control cases to compare with the mode of termination
induced by localized photocoagulation.
Results
Mode of spontaneous ventricular tachycardia termination.
Fourteen (54%) of the 26 spontaneous ventricular tachycar-
dia terminations occurred abruptly without a change in cycle
length. Twelve episodes (46%) of ventricular tachycardia
terminated with a cycle length change in only one to three
beats before termination. None terminated with cycle length
changes over more than three cycles. Two episodes of
ventricular tachycardia had a persistent cycle length alter-
nans of 4 to 10 ms for;::: 10 beats before termination. In three
episodes, abrupt terminations were followed by one or two
ventricular extrasystolic beats of a different configuration.
Mode of laser termination. The mode of photocoagula-
tion-induced ventricular tachycardia termination differed
markedly from that of spontaneous ventricular tachycardia
termination, All 19 episodes of ventricular tachycardia ab-
lated by localized photocoagulation terminated with cycle
length prolongation over nine or more cycles. The mean
initial (301 ± 81 ms) and final (381 ± 81 ms) cycle lengths
were significantly different (p ::5 0.01). The mean increase in
cycle length was 80 ± 51 ms and the mean percent increase
in cycle length was 39 ± 55%. All successful single-site
ablations and all successful final ablation attempts termi-
nated with progressive cycle length prolongation.
Ventricular tachycardia ablation as a function of presys-
tolic activation time. Photocoagulation of the myocardium
during ventricular tachycardia resulted in four observed
outcomes in 58 ablation attempts: 1) termination of the
arrhythmia (19 cases), 2) fixed cycle length prolongation (14
cases), 3) transient cycle length shortening (3 cases), or 4) no
change (22 cases). The limited value of the absolute presys-
tolic activation time in predicting the outcome of localized
ablation is illustrated in Figure 1. Successful ventricular
tachycardia termination occurred with localized photocoag-
ulation of sites with a wide range of presystolic activation
times (- 120 to - 20 ms). Only one episode of ventricular
tachycardia was terminated by localized photocoagulation at
a site with an activation time <- 50 ms before the QRS
complex. There was a broad overlap oflocal activation times
at which photocoagulation terminated ventricular tachycar-
dia or resulted in cycle length prolongation. Cycle length
shortening or no cycle length change tended to occur when
photocoagulation was performed at sites activated <- 50 ms
before the QRS complex,
Ventricular tachycardia ablation as a function of the dias-
tolic interval. Figure 2 illustrates the four observed out-
comes of localized photocoagulation at sites with the local
activation expressed as a percent of the diastolic interval.
Fourteen (74%) of 19 arrhythmia terminations occurred with
localized photocoagulation at sites in which activation oc-
curred at 35% to 50% of the diastolic interval. All ablation
attempts within this time interval terminated ventricular
tachycardia, except two that resulted in fixed cycle length
prolongation without arrhythmia termination. Localized
photocoagulation at sites activating just before or at the
JACC Vol. 19, No.3
March 1992:607-13
SVENSON ET AL.
LASER PHOTOABLATION OF VENTRICULAR TACHYCARDIA
609
PRESYSTOLIC ACTIVATION TIME (-mB)
-120m -110 -100 -90 -80 -70 -60 -50 -40 -30 -20 -10
, I
-010 +98ms,
,
•• .. I. • .-:-. +,,
6. 6. ~6. ~ 6.
Figure 1. Outcome of ablation attempts illustrated as a
function of the diastolic activation time at the ablation
site. With one exception, all cases of ventricular tachy-
cardia (VT) termination occurred when ablation was at
sites activating <-50 ms before the next QRS complex.
There was a large overlap of termination sites and
ablation attempts resulting in cycle length (CL) prolon-
gation. With two exceptions, all ablation attempts that
did not alter cycle length or terminate ventricular tachy-
cardia occurred >-50 ms before the QRS complex.
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onset of the QRS complex resulted in no change in the
ventricular tachycardia. Termination of these 19 episodes of
ventricular tachycardia required localized photocoagulation
at 1to 12 sites (mean 3.2 ± 3.2), requiring a mean irradiated
surface area of 3.2 ± 3.3 cm2 (Table 1).
Figure 3 illustrates the effect of localized photocoagula-
tion at activation sites expressed as a percent of the diastolic
interval on the 1st to 12th lasing attempt. All successful first
ablation attempts (8 of 19) occurred only at sites activating at
35% to 50% of the diastolic interval.
Figure 4shows the termination of ventricular tachycardia
with a single site of localized photocoagulation from the
endocardial surface. In this tachycardia, the earliest record-
able diastolic activation from the endocardial surface was
-120 ms before the QRS complex or 43% of the diastolic
interval. This site was located near the apical portion of the
left ventricular septum. Endocardial photocoagulation at this
site resulted in termination of the tachycardia. The termina-
tion was characterized by cycle length prolongation from 390
to 475 ms over nine cycles after 4.9 s of laser irradiation,
after which ventricular tachycardia could not be reinduced.
Similar phenomena have been observed with single-site
ablation attempts on the epicardium (13).
Multiple ablation sites. More than one ablation site was
required in 11 episodes of ventricular tachycardia (Fig. 3).
Analysis was performed to evaluate the cause of failure with
single ablation sites. Six episodes of ventricular tachycardia
terminated with a subsequent ablation attempt at a site
activating within the 35% to 50% diastolic interval. In five of
these six episodes of ventricular tachycardia, activation at
the initial ablation site was outside the 35% to 50% diastolic
window. In one of the six (Fig. 5), activation at the initial
ablation site was in this window and photocoagulation
resulted in cycle length prolongation from 284 to 340 ms.
Three further ablation attempts outside this window were
performed, with slight cycle length shortening to 325 ms. On
the fifth attempt, the laser photocoagulation was redirected
to the initial site, resulting in further cycle length prolonga-
tion to 375 ms and tachycardia termination. This observation
suggests that insufficient energy had been delivered on the
first attempt.
Five of the 11 episodes of ventricular tachycardia were
only terminated after multiple ablation attempts outside this
35% to 50% diastolic window of activation. In all five cases,
photocoagulation was delivered exclusively to the endocar-
dium. In four of the five, the earliest recorded local endocar-
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Figure 2. Outcome of ablation attempts as a function of the
local activation expressed as a percent of the diastolic
interval. Fourteen of the 19 successful ablation attempts
occurred at sites activating in the 35% to 50% interval of
diastole. Within this interval, no ablation attempts resulted
in cycle length (CL) shortening or no change. Only 2 of 14
attempts in this interval resulted in cycle length prolonga-
tion. Other abbreviation as in Figure 1.
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Table 1. Activation Time and Site of Ablation in 19 Cases of
Ventricular Tachycardia
Activation at
Final Ablation
Ablation Surt'ace
Site
Irradiated
VT Attempts Lased ms %01 Surt'ace (cm2)
1 3 Endo -50 41 1.71
2 1 Endo -60 50 0.57
3 1 Endo -120 43 0.93
4 1 Endo -60 40 1.40
5 1 Endo -95 43 0.74
6 5 Endo -80 44 5.25
7 1 Epi -85 48 2.00
8 2 Endo -100 36 3.74
9 3 Endo -60 61 3.00
10 12 Endo -20 92 12.00
11 11 Endo -115 40 11.77
12 4 Endo -70 71 4.40
13 2 Epi -80 41 1.96
14 1 Epi -85 36 0.98
15 4 Endo -80 49 2.48
16 2 Epi -64 67 2.40
17 4 Endo -60 69 3.00
18 1 Epi -85 48 0.86
19 1 Epi -55 42 0.86
Mean 3.2 -75 51 3.20
±SD 3.2 24 15 3.30
Endo = endocardium; Epi = epicardium; %01 = %of diastolic interval;
VT = ventricular tachycardia.
dial activation was in the 60% to 90% interval of diastole. In
these four cases, 3, 4, 4 and 12 ablation attempts, respec-
tively, were required to terminate ventricular tachycardia.
Terminations were again characterized by cycle length pro-
longation. In one of the five, the first ablation attempt was
performed with an activation time in the 35% to 50%
diastolic interval and resulted in cycle length prolongation.
The second attempt, performed with activation at 67% ofthe
diastolic interval, terminated ventricular tachycardia.
Epicardial versus endocardial ablation. In this series of
patients unselected on the basis of infarct location or pres-
ence or absence of an aneurysm, successful ventricular
tachycardia ablation was performed by epicardial directed
photocoagulation in 6 (32%) of 19 and endocardial directed
photocoagulation in 13 (68%) of 19. The mean surface area
per mapping and ablation site was 1.03 ± 0.38 cm2• The
mean total irradiated surface area per ventricular tachycar-
dia was 3.2 ± 3.3 cm2 (range 0.57 to 11.77) (Table 1).
Discussion
The observations derived from localized photocoagula-
tion at sites of known activation during ventricular tachycar-
dia can be viewed from two perspectives: 1) refinement of
ablation strategies, regardless of the energy source; and
2) clues to the nature of the underlying anatomic-
electrophysiologic complex.
Refinement of ablation strategies. Previous studies (18,19)
have suggested the importance of identifying the presystolic
or earliest sites of diastolic activation for direct catheter
ablation. However, until this study, it has not been possible
to analyze the effects of sequentially delivered ablation
energy at sites of known diastolic activation during ventric-
ular tachycardia. Independent of the energy source for
ablation, our studies suggest that the highest probability of
successful ablation requires identification of sites activating
in 35% to 50% of the diastolic interval during ventricular
tachycardia. When such a site was not correctly identified, 3
to 12 ablation attempts were required for arrhythmia termi-
nation. The absolute presystolic activation time has less
value in predicting successful ablation. This finding is con-
sistent with the observations derived from canine and intra-
operative studies (20-22), in which local cooling of presys-
tolic sites in the terminal portion of diastole failed to
interrupt ventricular tachycardia. However, local cooling at
mid-diastolic sites or in the "waist" of the figure of an eight
reentry pattern was successful. Both canine and human
studies (5,13,23,24) have demonstrated large macroreentrant
circuits with a narrow zone of slow conduction during the
diastolic interval that fans out to a broad zone of presystolic
•
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Figure 3. Outcome of ablation attempts as a function of
local activation expressed as a percent of the diastolic
interval on the horizontal axis and the lasing sequence
(1st through 12th attempt) on the vertical axis. Successful
first ablation attempts occurred only at sites activating in
the 35% to 50% interval of diastole (01). When local
diastolic activation in this interval could not be found, 3,
4, 4 and 12 ablation attempts, respectively, were re-
quired. Other abbreviations as in Figure 1.
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Figure 4. Termination of ventricular tachy-
cardia (VT) with endocardial photocoagula-
tion on the first ablation attempt. A, Ventric-
ular tachycardia with diastolic (DIAST)
activation times recorded by bipolar electro-
grams (BE). The earliest recorded diastolic
activation was at site G7, occurring at
-120 ms before the QRS complex or 43% of
the diastolic interval. Ventricular tachycardia
termination is illustrated in B. The cycle
length was 390 ms at the onset of laser pho-
toablation (arrow and dark line in the upper
tracing). After 4.9 s, ventricular tachycardia
terminated with a cycle length prolongation to
475 ms (lower tracing). BE LV = bipolar left
ventricular endocardial electrograms; cont. =
continuous; DI = diastolic interval; ENDO =
endocardium; LC = left chest lead; MID
DIAST =mid-diastole; RC =right chest lead;
RV REF = right ventricular epicardial refer-
ence electrode; T = time lines at 1s intervals;
VT CL = ventricular tachycardia cycle
length.
B
potentials. It is anticipated that multiple ablation sites would
be required to interrupt conduction distal to the narrow waist
of the slow diastolic path of conduction.
Additional criteria have evolved to elucidate the critical
site for ablation of postinfarction ventricular tachycardia
(25-27). The importance of identifying a site ofexact entrain-
ment has been recognized. Ablation attempts at such sites
also have a high probability of success. A recent study from
our group (13) suggests that sites of exact entrainment may
occur later than the 35% to 50% window of diastolic activa-
tion during ventricular tachycardia. In one case (Fig. 4),
photocoagulation of a site of exact entrainment activating
>50% of diastole was unsuccessful in terminating ventricu-
lar tachycardia (13).
Clues to the nature of the underlying anatomic-
electrophysiologic complex. For macroreentrant postinfarc-
tion ventricular tachycardia, the term "site of origin" may
have no specific meaning. From a macroscopic point of view
with limited spacial mapping resolution, there may be an
apparent "site of origin" for a microreentrant circuit in
which the noninfarcted myocardium is passively depolar-
ized. Examples may include reentry in a His-Purkinje mus-
cle junction or microreentry around small loops of interdig-
itating surviving muscle bundles in the infarct region.
Reentry in these circumstances would require slow conduc-
tion velocities because of the short path length. The ventric-
ular activation pattern in these circumstances suggests a
monoregional spread of excitation with or without a center
of late presystolic activation. In our experience, attempts at
ablation directed to central sites of monoregional spread
have been unsuccessful (12,13). Monoregional spread of
activation could simply represent surface breakthrough from
a larger area of macroreentry, occurring intramurally or on
the opposite myocardial surface. A growing body of evi-
dence (8-13), including this study, suggests that the critical
anatomic substrates supporting "slow" conduction may
be multilayered or epicardial. In this study, 6 (32%) of
19 episodes of ventricular tachycardia were terminated
with epicardial photocoagulation, emphasizing the three-
dimensional nature of the problem.
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Figure 5. Tachycardia requiring more than one ablation attempt.
The initial ventricular tachycardia (VT) cycle length (eL) was
284 ms. Photoablation was attempted at a site (A 5/6) with activation
at -80 ms (44% of the diastolic interval [DID. This increased the
cycle length to 340 ms. Sequential attempts at photoablation of sites
activating at 73%, 93% and 73% of the diastolic interval resulted in
slight shortening of the cycle length to 325 ms. Redirecting the
attempt to the first site (A 5/6) resulted in further cycle length
prolongation to 375 ms and ventricular tachycardia termination. If
additional energy had been delivered on the first ablation attempt,
ventricular tachycardia might have been ablated without further
attempts. Asterisk indicates earliest recorded diastolic activation.
Site = endocardial location (14); Time = local activation time in ms
before onset of the QRS complex during ventricular tachycardia.
Tachycardia cycle length is most dependent on the con-
duction time through the slow portion of the circuit. Con-
duction time is dependent on path length and the conduction
velocity. Several recent studies (28,29) suggest that action
potentials and presumably conduction velocity through the
region of reentry are normal or near normal. The apparently
slow conduction time from one point to the next may be due
to fiber orientation (anisotropic conduction) or an effective
long pathway created by strands of interdigitating surviving
myocardial bundles, or both (9). Alternatively, the anatomic
path length could be short with slow conduction velocities.
With techniques currently available in the clinical setting, we
are unable to specify the extent of the three-dimensional
boundary or volume of tissue involved in the slower diastolic
portion of the circuit or the cellular electrical propagation
velocities within any region of the network.
Cycle length prolongation after localized photocoagula-
tion is most consistent with elimination of some conducting
bundles, leading to an effectively longer conduction path
through a matrix of surviving fibers. Phenomenologically, an
abrupt termination without cycle length alteration would be
most consistent with an automatic focus or small microreen-
trant foci or with diastolic activation proceeding over a short
distance using only a few fibers (9). We observed abrupt
arrhythmia terminations with focal-delivered laser energy,
but these have not been included in this study because they
did not meet the inclusion criteria. In our experience, such
terminations occur about 10% of the time.
Further prospective research is needed to evaluate the
anatomic-electrophysiologic substrates of "vortex" and cir-
cular macroreentrant types ofglobal activation. To date, it is
not clear what region in these global activation sequences is
most critical for perpetuation of the reentrant process or
whether termination would occur abruptly or with a cycle
length change.
Effect of laser photocoagulation during postinfarction ven·
tricular tachycardia. This effect is most consistent with a
predominantly macroreentrant mechanism involving a three-
dimensional matrix. 1) Photocoagulation at late presystolic
sites of activation or at the onset of the QRS complex is
ineffective in terminating ventricular tachycardia. 2) Fixed
cycle length prolongation can occur by coagulating myocar-
dium in the 23% to 95% interval of diastole. 3) Ventricular
tachycardia most frequently terminates with cycle length
prolongation over nine or more cycles. 4) The most effective
site for ablation is activated in the 35% to 50% interval of
diastole. 5) Exact entrainment of ventricular tachycardia is
also possible for these mid-diastolic sites (13), but may not
predict a site of successful ablation. 6) The 35% to 50%
activation interval of diastole can be identified in both
epicardial and endocardial surfaces. It needs to be stressed
that these conclusions are based on a relatively small num-
ber of patients and use of the neodymium:YAG laser tech-
nology and may not be applicable to all forms of postinfarc-
tion ventricular tachycardia. Moreover, because multiple
laser lesions were required for termination of tachycardia in
some patients, the possibility of consecutive elimination of
small reentrant circuits cannot be totally excluded. The
exact anatomic-histologic separation of macroreentry and
microreentry in the setting of postinfarction ventricular
tachycardia is not clearly established.
Conclusions. Although ventricular tachycardia can be
terminated with ablation attempts performed over a wide
range of diastolic activation times, the most effective inter-
val, particularly for a single successful ablation attempt, is in
the 35% to 50% window of diastolic activation. The mode of
termination by cycle length prolongation favors a predomi-
nantly macroreentrant mechanism, potentially involving epi-
cardium and intramural sites as well as the endocardium.
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